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The hypothalamus contains nuclei and cell populations that are critical in reproduction
and that differ signiﬁcantly between the sexes in structure and function. To examine the
molecular and genetic basis for these differences, we quantiﬁed gene expression in the
hypothalamus of 39 pairs of adult male and female mice belonging to the BXD strains.
This experimental design enabled us to deﬁne hypothalamic gene coexpression networks
and provided robust estimates of absolute expression differences. As expected, sex has
the strongest effect on the expression of genes on the X andY chromosomes (e.g., Uty,
Xist, Kdm6a).Transcripts associated with the endocrine system and neuropeptide signaling
also differ signiﬁcantly. Sex-differentiated transcripts often have well delimited expression
within speciﬁc hypothalamic nuclei that have roles in reproduction. For instance, the estro-
gen receptor (Esr1) and neurokinin B (Tac2) genes have intense expression in the medial
preoptic and arcuate nuclei and comparatively high expression in females. Despite the
strongeffectofsexonsingletranscripts,theglobalpatternofcovarianceamongtranscripts
is well preserved, and consequently, males and females have well matched coexpression
modules.However, therearesex-speciﬁchubgenesinfunctionallyequivalentmodules.For
example, only in males is theY-linked gene, Uty, a highly connected transcript in a network
that regulates chromatin modiﬁcation and gene transcription. In females, the X chromo-
some paralog, Kdm6a, takes the place of Uty in the same network.We also ﬁnd signiﬁcant
effect of sex on genetic regulation and the same network in males and females can be
associated with markedly different regulatory loci.With the exception of a few sex-speciﬁc
modules, our analysis reveals a system in which sets of functionally related transcripts
are organized into stable sex-independent networks that are controlled at a higher level by
sex-speciﬁc modulators.
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INTRODUCTION
The hypothalamus controls many facets and phases of reproduc-
tive behavior. Several sub-nuclei and regions within the hypothal-
amus differ signiﬁcantly between males and females. For example,
in several species including human, a cluster of cells in the pre-
optic area is signiﬁcantly larger in males and is crucial for the
expression of male sexual behavior (Gorski et al., 1978; De Jonge
etal.,1989;HofmanandSwaab,1989).Incontrast,theanteroven-
tral periventricular area is signiﬁcantly larger in female rats and
is involved in luteinizing hormone release and ovulation (Simerly,
1998).Thesemorphologicalandfunctionaldifferencesalmostcer-
tainly contribute to differential vulnerabilities to diseases such as
depression, stress disorders, obesity, and anorexia (Woods et al.,
2003; Halbreich, 2006; Kajantie and Phillips, 2006; Asarian and
Langhans, 2010).
Inmammalianspecies,sex-dependentvariationinbrainstruc-
ture and function is triggered mainly by genes linked to the sex
chromosomes (Chrs) and to the downstream effects of gonadal
hormones. Apart from these proximal causes, another layer
of inﬂuence on sexual differentiation comes from widespread
sequence variants distributed across the entire genome. These
autosomal variants may explain marked strain-to-strain variation
inthelevelof sexualdimorphism.Forexample,inmice,asexually
dimorphic preoptic nucleus in the DBA/2J strain is undetectable
intheC57BL/6Jstrain(Brownetal.,1999;Mathiesonetal.,2000).
Such global strain-dependent effects on brain differentiation sug-
gestthatthereissigniﬁcantinterplaybetweenthesexdeterminants
and autosomal genotype. These autosomal modulators of sex dif-
ferenceslikelycontributetothemanysex-speciﬁcquantitativetrait
loci (QTLs) that inﬂuence a large number of behavioral, physio-
logical, and molecular traits (Melo et al., 1996; Weiss et al., 2006;
Bhasin et al., 2008; van Nas et al.,2009).
Sex-speciﬁc QTLs are essentially DNA sequence variants that
modulate phenotypes that have some level of sex differences and
are detected to a greater or lesser degree as a function of geno-
type and sex. The sex-dependent effects extend to genetic loci that
control the expression of genes, i.e., expression QTLs (eQTLs).
Large-scale genomic studies of gene expression have found exten-
sive transcriptional variation between the sexes in several somatic
tissues including the brain (Yang et al., 2006; Reinius et al., 2008,
2010; van Nas et al., 2009). Genetic mapping of such expression
traits invariably identiﬁes sex-biased eQTLs (Yang et al., 2006;
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Bhasinetal.,2008;vanNasetal.,2009).Thesedatasuggestthatsex
haspervasiveeffectsontheregulationof transcriptlevels,andthat
gene expression is modulated by a combination of sex-dependent
and sex-independent genetic factors.
While gene expression in the brain is not as sexually divergent
as in other tissues (for example, liver, kidney, or muscle), several
hundred transcripts do differentiate the male and female brain
transcriptomes (Yang et al., 2006; van Nas et al., 2009). However,
with the exception of a few genes located on the sex Chrs that
have dosage imbalance, the effect of sex is generally modest for
most genes located on autosomal Chrs. On average, expression
of “sexually dimorphic” transcripts varies less than 10% between
the sexes (Yang et al., 2006; van Nas et al., 2009; Reinius et al.,
2010). This is a relatively modest effect of sex on transcripts. How
does this modest variation contribute to the widespread effect
of sex on physiology and behavior? It is likely that the more
extreme functional differences between the sexes arise from subtle
combinatorial differences of hundreds of transcripts. This raises
the questions as to what genetic regulatory mechanisms main-
tain network stability and what mechanisms contribute to the
typical dichotomization? Prompted by such questions, we have
taken a systems-level approach to compare gene expression and
transcriptional networks in males and females.
Here we systematically examine transcript levels in the hypo-
thalamus using a sex-balanced panel of 39 inbred mouse strains
belonging to the BXD family. These strains were derived from
crossesbetweenC57BL/6J(B6)andDBA/2J(D2)parentalstrains.
The progeny BXDs are known to segregate for traits related to
the hypothalamus including volumetric differences (Garlow et al.,
2005;Boone et al.,2008;Badea et al.,2009).We use weighted gene
coexpressionnetworkanalysis(WGCNA)toconstructnetworksof
transcripts based on genetic and sex differences across all 39 BXD
strains (Zhang and Horvath, 2005). Global network structure is
remarkably similar between males and females, but we did iden-
tify several pivotal transcripts that are crucial in sex-dependent
hypothalamic networks.
MATERIALS AND METHODS
MOUSE STRAINS
The BXD recombinant inbred strains are derived from crossing
the B6 and D2 parental strains and inbreeding for over 20 gen-
erations (Taylor et al., 1999; Peirce et al., 2004). All mice used
in this study were born and housed at the University of Ten-
nessee Health Science Center. Mice were kept at an average of
3–4 per cage in a temperature-controlled vivarium (22˚C) and
maintained at a 12h light/dark cycle. All animal protocols were
approved by the Animal Care and Use Committee. We studied
a total of 50 BXD strains, but only acquired matched male–
female data pairs for 39 strains (35 BXD strains, parental B6
and D2, and two reciprocal F1 hybrids). The average age of
mice was 78days. We provide more detail on the experimen-
tal design and precise age and time of sacriﬁce of all cases at
http://www.genenetwork.org/dbdoc/INIA_Hyp_RMA_1110.html.
TISSUE DISSECTION AND SAMPLE PROCESSING
Mice were euthanized by quick cervical dislocation. The brain
was quickly removed and immersed in RNAlater (Ambion)1 and
stored in 4˚C for 2–3days. To dissect the hypothalamus, the brain
was placed with the ventral side facing up in a coronal matrix.
Using the medial mammillary body as landmark, a vertical cut
was made right along the posterior boundary of the hypothala-
mus.A second vertical cut was made 2mm from the ﬁrst cut. This
edge lies slightly caudal to the optic chiasm and cuts through the
retrochiasmatic nucleus. The hypothalamus was then sliced out
from this 2mm thick section.
Each of the 39 mouse strains is represented by male and female
samples (total of 78 microarray samples). Each individual sample
consistedoftissuepooledfromtwomiceofthesamestrainandsex
that are usually littermates. The total number of mice used was 78
femalesand78males.RNAwaspuriﬁedusingtheRNAeasymicro
kit on the QIAcube system (Qiagen)2. RNA purity and concen-
tration was checked using 260/280nm absorbance ratio and RNA
integritywasanalyzedusingtheAgilentBioanalyzer2100(Agilent
Technologies)3.
MICROARRAY DATA ANALYSIS
TotalRNAwasprocessedusingstandardprotocolsandhybridized
to the Affymetrix Mouse Gene 1.0 ST arrays4. This array contains
∼34,700 probe sets that target ∼29,000 well-deﬁned transcripts
(RefSeq mRNA isoforms). A single probe set is a collection of
about 27 probes that target known exons within a single gene.
The multiple probes design provides a more comprehensive cov-
erage of transcripts from a single gene. Male and female samples
wereinterleavedandprocessedtogethertoavoidbatchconfounds.
Details on the strain, age, and sex of each sample can be obtained
from the information available for the INIA Hypothalamus Affy
MoGene 1.0 ST (Nov10) data set on www.genenetwork.org.
ProbesetlevelintensityvalueswereextractedfromtheCELﬁles
using the Affymetrix GeneChip Operating Software. Data nor-
malization was performed using the R package “Affy” available
from www.Bioconductor.org. The Robust Multichip Averaging
protocol was used to process the expression values. The array
data was then log transformed and rescaled using a z-scoring
procedure to set the mean of each sample at eight expression
units with a SD of 2 units. The entire data set can be down-
loaded from www.genenetwork.org using the accession number
GN281(http://www.genenetwork.org/webqtl/main.py?FormID=
sharinginfo&GN_AccessionId=281) and also from the NIH
Gene Expression Omnibus5 using the GEO accession number
GSE36674.Forthisstudyweusedasubsetof casesthatwererepre-
sented by both male and female samples – 78 sex-balanced arrays.
Statistical power provided by this sample size (N =39 strains)
wasestimatedusingtheRfunctionpower.t.test6 withtheSDsetat
0.17,which is the average value. Only transcripts with above aver-
age expression (minimum expression value above 8.5 on a log2
scale) were included for further analysis (17,192 probe sets). We
used a two-tailed paired t-test to identify transcripts with signiﬁ-
cant expression difference between males and females.We applied
1www.invitrogen.com
2www.qiagen.com
3www.agilent.com
4www.affymetrix.com
5http://www.ncbi.nlm.nih.gov/geo
6www.r-project.org/
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the Benjamini and Hochberg false discovery rate (FDR) method
and selected differentially expressed transcripts using a 10% FDR
criterion.
QUANTITATIVE RT-PCR
ForRT-PCR,RNAsampleswerepreparedfromthehypothalamus
of male and female mice of the BXD60 strain.We selected BXD60
to test the strain-independent effect of sex because we had more
mice of this strain in the colony than either B6 or D2. A total of
eight male and eight female mice were used and tissue was pooled
from two animals of the same sex per sample (i.e.,four male sam-
plesandfourfemalesamples).AfterstandardRNAqualitycontrol,
2μg of mRNA was reverse transcribed into cDNA using the GE
Health First-Strand cDNA Synthesis Kit7.
PrimerstargetingDdx3y,Tac2,Esr1,Oxtr,Nmur2,andAdamts2
were generated using Primer3 (Rozen and Skaletsky, 2000). Each
assaywasdesignedtospanexonsandwascheckedinsilicousingthe
ProbeFindertool(version2.45)availablefromtheRoche-Applied-
Science website8. Primer efﬁciencies were also evaluated using a
cDNA dilution series. PCR was performed on the Roche LightCy-
cler 480 system (see text footnote 8). The reaction mix consisted
of 2μlof cDNA,0.2μlof leftandrightprimers(20μM),0.1μlof
10μM probe from the Universal Probe Library (see text footnote
8), 5μl of the Roche 2X LC480 master mix, and 2.7μl of DNase
free water. Thermal cycles were 95˚C (5min); 50 cycles of 95˚C
(10s), 60˚C (30s), 72˚C (10s).
Reactionswerecarriedoutintechnicaltriplicates.Cyclethresh-
olds (Ct) of the three technical replicates were averaged (raw Ct
values are provided in Supplementary Material S1) and normal-
ized to the Ct value forActin beta (Actb)t od e ri v eΔCt (Livak and
Schmittgen, 2001). The ΔΔCt method was used to evaluate rel-
ative expression difference between males and females. Statistical
comparison between the four male and four female samples was
done using one-tailed Student’s t-tests.
CONSTRUCTION OF COEXPRESSION NETWORKS
Weighted gene coexpression network analysis was used to deﬁne
coexpression modules in the hypothalamus. For this computa-
tionally intense process, we further ﬁltered the data to include
only those probe sets with well-deﬁned gene targets and with
high expression variance (σ2 ≥0.02) across the samples. This left
us with a subset of 6,391 probe sets. Network analysis was car-
ried out using the WGCNA R package. The analytical framework
for WGCNA is laid out in Zhang and Horvath (2005).B r i e ﬂ y ,
a similarity matrix is constructed for the data set by computing
the absolute pairwise Pearson product correlations for all tran-
scripts based on expression variation across the BXD population.
A power function, β, is used to transform the similarity matrix
into an adjacency matrix that provides a measure of connection
strengthsbetweenpairsoftranscripts.Therelativeinterconnected-
nessbetweentwotranscriptsisestimatedbycomputingatopolog-
icaloverlapmatrix(TOM).Thisisarobustmeasureof connection
similarities between transcripts and has been applied to biologi-
cal networks (Ravasz et al., 2002). TOM is then used to deﬁne
7http://www.gelifesciences.com
8https://www.roche-applied-science.com
modules, which are then segregated into branches by hierarchical
clustering.
Maleandfemalenetworkswereconstructedindependentlybut
using the same parameters. We used standard criteria deﬁned in
Zhang and Horvath (2005) and set the soft-thresholding β at nine
forbothmalesandfemales.Tocomparemaleandfemalemodules,
we examined the fraction of transcripts that grouped together in
bothsexes(Langfelderetal.,2011).Fisher’sexacttestwasalsoused
tocomputethesigniﬁcanceof overlapbetweenmodules.Together
with the percent overlap and Fisher’s exact p-values, we identi-
ﬁed corresponding male and female modules. Male modules are
labeled M1, M2, etc., and female modules are labeled F1, F2, etc.
For ease of comparison, label numbers of highly similar modules
were matched between sexes. For further analysis, each module
was summarized by the ﬁrst principal component and module
eigenvectors were used for correlational analyses. Hub genes in
modules were identiﬁed using the network connectivity values for
each transcript. All these functions were implemented within the
comprehensive WGCNA R package.
GENETIC ANALYSIS OF TRANSCRIPTS
For QTL mapping, the entire hypothalamus transcriptome data
set was uploaded to GeneNetwork9. A total of 3,795 informative
microsatelliteandSNPmarkerswereusedforintervalmappingof
all transcripts. We report the linkages as likelihood ratio statistic
(LRS) scores (LOD score=LRS/4.61). Genome-wide signiﬁcant
andsuggestivethresholdswereestimatedbypermutationanalysis.
Additional details on the mapping algorithm used by GeneNet-
w o r ka r ep r o vi d e di nMozhui et al. (2008) and Peirce et al. (2006).
OTHER BIOINFORMATICS RESOURCES
Gene ontology enrichment was analyzed for the modules using
tools available on DAVID (version 6.710; Dennis et al., 2003). For
in situ analysis of transcript expression in the hypothalamus, we
usedthemousebrainresourceprovidedbytheAllenBrainAtlas11
(Lein et al.,2007).
RESULTS
SEX DIFFERENCE IN GENE EXPRESSION IN THE HYPOTHALAMUS
A set of 48 transcripts and cognate genes in the hypothalamus
differ signiﬁcantly in expression between the sexes at an FDR
threshold of 0.1 (Table 1). Thirteen of these are located on the
sex Chrs and 35 are located on autosomes. Transcripts of genes
on the sex Chrs have the largest effects with 6- to over 40-fold
differencesinexpressionfor Xist,Eif2s3y,Ddx3y,Uty,andKdm5d.
Effect sizes for the remaining 43 transcripts are more modest. The
mean difference for autosomal transcripts is only ∼10%. Autoso-
malgenesincludeestrogenreceptorEsr1,tachykininneuropeptide
Tac2, neuropeptide receptor Npbwr1, and oxytocin and prolactin
receptors Oxtr and Prlr. Analysis of functional categories for the
autosomal transcripts shows direct relevance to hypothalamic
functions with enrichment in genes related to gland development,
growth regulation, neurotransmission, and neuropeptide activity
(Table 2).
9www.genenetwork.org
10http://david.abcc.ncifcrf.gov/summary.jsp
11http://www.brain-map.org/
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Table 1 |Transcripts with differential expression (FDR of 0.10) between males and females in the hypothalamus.
Probe ID Gene Description Chr Mb p-Value Fold1
10608138 Ddx3y RNA helicase Y 0.598 2.1E−49 −17 .22
10608107 Uty Histone demethylase Y 0.145 6.9E−47 −13.34
10606178 Xist X-inactivation transcript X 100.656 8.1E−44 41.82
10608001 Eif2s3y Translation initiation factor Y 0.347 5.9E−41 −17 .25
10607972 Kdm5d Histone demethylase Y 0.234 2.2E−40 −6.23
10605740 Eif2s3x Translation initiation factor X 91.434 3.3E−26 1.31
10598723 Ddx3x RNA helicase X 12.858 2.6E−22 1.27
10602644 Kdm5c Histone demethylase X 148.668 5.8E−20 1.27
10598798 Kdm6a Histone demethylase (Utx) X 17 .740 1.5E−19 1.36
10599562 Arhgap36 Rho GTPase-activating X 46.824 7 .6E−12 −1.16
10603469 Rbm3 RNA binding motif gene X 7 .717 2.0E−08 −1.17
10601335 2610029G23Rik Novel X-inactivation escapee2 X 102.275 2.9E−08 1.16
10606619 Sytl4 Synaptotagmin-like gene X 130.471 5.7E−06 −1.13
10367600 Esr1 Estrogen receptor 10 5.343 1.2E−15 1.29
10345174 Gm9884 Predicted gene 1 28.047 1.0E−10 1.21
10367024 Tac2 Tachykinin peptide hormone 10 127 .162 1.3E−07 1.32
10394674 Socs2 Cytokine signaling suppressor 12 14.501 2.0E−07 1.18
10501622 Gpr88 G protein-coupled receptor 3 115.953 3.2E−07 1.19
10431935 Amigo2 Cell adhesion gene 15 97 .075 9.2E−07 1.08
10563872 Gabra5 GABA(A) receptor 7 64.663 2.0E−06 −1.06
10546829 Oxtr Oxytocin receptor 6 112.427 4.6E−06 1.14
10576218 Cpne7 Copine membrane-binding 8 125.641 5.7E−06 −1.08
10560139 Vmn1r90 Vomeronasal receptor 7 15.116 7 .7E−06 1.18
10476482 Lamp5 Lysosomal glycoprotein 2 135.884 1.0E−05 −1.23
10352969 Npbwr1 Neuropeptide receptor 1 5.906 2.0E−05 1.16
10452419 Efna5 Ephrin receptor binding 17 62.954 2.6E−05 1.07
10455050 Pcdhb2 Protocadherin 18 37 .454 2.7E−05 1.09
10583286 Gpr83 G protein-coupled receptor 9 14.665 4.0E−05 1.12
10588577 Cish Cytokine signaling suppressor 9 107 .188 6.8E−05 1.11
10529875 Ldb2 LIM domain binding 5 44.863 7 .5E−05 1.04
10375751 Adamts2 Procollagen metallopeptidase 11 50.416 1.1E−04 −1.10
10423030 Prlr Prolactin receptor 15 10.107 1.2E−04 1.09
10361818 Nmbr Neuromedin receptor 10 14.480 1.3E−04 1.12
10513692 Whrn Whirler gene 4 63.076 1.3E−04 −1.04
10392863 Grin2c Glutamate (NMDA) receptor 11 115.110 1.6E−04 −1.04
10398075 Serpina3n Serine protease inhibitor 12 105.645 1.8E−04 −1.11
10492006 Trpc4 Cation channel 3 53.960 1.8E−04 −1.06
10375145 Lcp2 Lymphocyte immune response 11 33.947 1.8E−04 1.06
10585803 Stra6 Retinoic acid receptor 9 57 .977 1.9E−04 1.10
10446986 Crim1 cysteine rich BMP regulator 17 78.600 1.9E−04 1.04
10377516 Kcnab3 Voltage-gated K(+) channel 11 69.140 2.0E−04 −1.09
10546434 Adamts9 Metallopeptidase 6 92.743 2.0E−04 1.07
10357155 Inhbb Regulator of gonadal processes 1 121.312 2.0E−04 1.08
10417759 Ube2e2 Ubiquitin-protein ligase 14 19.406 2.2E−04 −1.03
10512919 Grin3a Glutamate (NMDA) receptor 4 49.676 2.3E−04 1.05
10431625 Syt10 Synaptotagmin gene 15 89.613 2.7E−04 1.07
10386086 Nmur2 Neuromedin peptide receptor 11 55.838 2.7E−04 1.12
10550345 Strn4 Striatin, calmodulin binding 7 17 .401 3.1E−04 −1.05
1Fold difference between males and females, positive is high in females, negative is low in females.
2Coding gene that escapes X-inactivation (Reinius et al., 2010;
Lopes et al., 2011).
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Table 2 | Enriched gene functions among autosomal transcripts with
sex differences in the hypothalamus.
GO term p-Value1 Genes
GO:0060749∼mammary
gland development
3.6E−04 Socs2, Prlr, Esr1
GO:0040008∼regulation
of growth
0.01 Socs2, Nmur2, Cish, Crim1
GO:0030594∼
neurotransmitter receptor
3.8E−04 Gpr83, Nmur2, Gabra5,
Nmbr
GO:0015276∼ligand-
gated ion channel
activity
6.8E−04 Trpc4, Grin2C, Gabra5,
Grin3A
GO:0008528∼G
protein-coupled peptide
receptor
7 .6E−04 Gpr83, Nmur2, Oxtr, Nmbr
GO:0008188∼neuropeptide
receptor activity
0.002 Gpr83, Nmur2, Oxtr, Nmbr
GO:0005216∼ion channel
activity
0.002 Trpc4, Kcnab3, Grin2C,
Gabra5, Grin3A
1Enrichment p-values based on modiﬁed Fisher’s exact test from DAVID
(http://david.abcc.ncifcrf.gov/).
We selected six transcripts with expression difference ranging
from 17-fold to 10% for quantitative RT-PCR. These transcripts
are male high Ddx3y and Adamts2, and female high Tac2, Esr1,
Oxtr,andNmur2.ThequantitativePCRconﬁrmedthemaleexclu-
sive expression of Ddx3y and the female biased expression of Esr1
(∼60% higher expression in females) and Nmur2 (∼50% higher
expression in females; Figure A1 in Appendix). And while the
expressiondifferencedidnotreachstatisticalsigniﬁcance,thePCR
analysis also showed higher female expression of Oxtr by about
20% and higher male expression of Adamts2 by 7%. The failure to
reachstatisticalsigniﬁcanceislikelyduetothelowpowerprovided
by the small sample size for RT-PCR (four male and four female
samples). The only gene that showed no sex difference in the PCR
analysis was Tac2.
DISCRETE EXPRESSION OF SEXUALLY DIVERGENT TRANSCRIPTS IN
THE HYPOTHALAMUS
We examined patterns of in situ expression for transcripts that
have sex-skewed expression using theAllen BrainAtlas. Several of
the genes have highly localized expression in areas that are also
sexually dimorphic by morphological or functional criteria (Lenz
and McCarthy,2010; Majdic and Tobet,2011). For example,Tac2,
Esr1, and Efna5 have intense expression in the medial preoptic
nucleus and arcuate nucleus whereas Amigo2, Gabra5, and Cpne7
have intense expression in the ventromedial hypothalamus (see
Figure 1). These expression differences likely contribute to the
sex-speciﬁcity of these areas in the hypothalamus.
COMPARISON OF COEXPRESSION NETWORKS IN FEMALES AND
MALES
Coexpression modules deﬁned by WGCNA link tran-
scripts by expression similarity and topological overlap (Zhang
and Horvath, 2005). Overall, transcripts in the hypothalamus
group into 12 modules in females and 14 modules in males.
These range in size from 35 to over 2,000 members. The sexu-
ally dimorphic transcripts are dispersed and no single module is
particularlyenrichedforsex-differentiatedtranscripts.Transcripts
that show low coexpression and fail to cluster in a speciﬁc mod-
ule are relegated to modules labeled F0 in females and M0 in
males (full list of transcripts and modules, module membership
scores,and sex difference p-values are provided in Supplementary
Material S2).
Comparison of female and male modules showed high degree
of network concordance and sets of transcripts that cluster
together in females also tend to cluster together in males
(Figures 2A,B). As a result, most of the modules identiﬁed in
females have corresponding modules in males that share 60–80%
overlap in transcript members (Figure 2C). These are associated
with highly signiﬁcant Fisher’s exact p-values (Figure 2D). The
preserved modules are also characterized by very similar enrich-
ment in gene functions in males and females (Supplementary
Material S3).
Twofemalemodulesthatlackdirectcorrespondencewithmale
modules are F6 and F15. The 790 transcripts in F6 are divided
between two male modules – M1 and M5. In the case of F15,
23 of the 34 transcripts are in the M1 module and F15 is more
appropriately a subset of M1 rather than a female-speciﬁc net-
work. Similarly in males, modules M8 and M14 are subsets of
larger female modules. Sixty-three of the 123 transcripts in M8
are in F2, and the 44 transcripts in M14 are divided between F2
and F4. Only the M12 module appears to be male speciﬁc as most
transcripts in this network (22 out of 49) are classiﬁed to F0 in
females.
LARGE-SCALE FUNCTIONAL ORGANIZATION OF GENE NETWORKS
The expression of multiple transcripts in a module was sum-
marized by the ﬁrst principal component (PC1; Supplementary
Material S2). The PC1 eigenvalues for the modules, referred to
as the module eigengenes (MEs), were used to generate pairwise
adjacency matrix. This represents the meta-network of module
connectivities in each sex (Figures 3A,B). This visualization of
inter-module associations identiﬁed positively correlated as well
as inversely correlated modules. The global view also revealed
functional organization among the gene networks that depicts a
balance between cellular processes that regulate gene expression
(Figures3C,D). The two largest modules are F1 and F2 in females
andM1andM2inmales.F1/M1isenrichedintranscriptionaland
translation genes and is the most well connected module in both
sexes. The ME of this presumably inﬂuential hub module is pos-
itively correlated with the MEs of F3/M3 and F9/M9, which are
enriched in neural and physiological functions (Figures 3C,D).
In marked contrast to the positive correlation between the pro-
transcriptionalandF3/M3andF9/M9modules,F1/M1isinversely
correlated with the MEs of F2/M2 and F4/M4. The F2/M2 and
F4/M4 modules are enriched in nucleosome assembly and DNA
packaginggenessuchasHist1h2bb,Hist1h2aa,andHist4h4.These
histonegenesareinvolvedinchromatinremodelingandinthereg-
ulation of transcriptional gene inactivation. Overall, the analysis
shows that the functional organization of coexpressed transcripts
is highly preserved in males and females.
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FIGURE 1 | Expression of sexually dimorphic transcripts in the
hypothalamus. Several transcripts with sex differences in the hypothalamus
are characterized by localized expression in sexually dimorphic areas.These
images show in situ expression in sagittal sections. (A)Tac2, Esr1, and Efna5
have intense expression in the medial preoptic areas and the arcuate nucleus.
(B) Amigo2, Gabra5, and Whrn have more localized expression in the
ventromedial hypothalamus. (C) Cpne7, Syt10, and Grin3a have relatively
more intense expression in the ventromedial hypothalamus, the anterior
hypothalamus, and the mammillary areas. ac, anterior commissure; AHN,
anterior hypothalamic nucleus; ARH, arcuate hypothalamic nucleus; AVPV,
anteroventral periventricular nucleus; DMH, dorsomedial hypothalamus; MM,
medial mammillary nucleus; MPN, medial preoptic nucleus; mtt,
mammillothalamic tract; sm, stria medullaris; PM, premammillary nucleus;
VMH, ventromedial hypothalamus. In situ data from Allen Brain Atlas
SEX-SPECIFIC NETWORKS FOR Chr X AND Y PARALOGS – Kdm6a AND
Uty
While the global architecture is well preserved between the sexes,
there are sex-speciﬁc differences in ﬁner network structure. This
is particularly evident for some of the sexually divergent genes
on the sex Chrs. In females, the X-linked transcripts, Kdm6a (or
Utx) and Xist (X inactive-speciﬁc transcript), are both members
of the F2 module. In males, Xist is assigned to M0 and Kdm6a is
in M4. In place of Kdm6a,theY-linked paralog,Uty (ubiquitously
transcribed tetratricopeptide repeat gene, Y Chr), forms a highly
connected hub in the M2 module along with another Y-linked
transcript Kdm5d. In females, both Uty and Kdm5d are in F0.
To examine transcripts that are closely associate with Uty and
the female paralog, Kdm6a, we extracted a sub-network centered
around Uty from M2 and a sub-network centered around Kdm6a
from F2 (Figures 4A,B). The connections between Uty/Kdm6a
and the other transcripts are based on genetic correlations across
the BXDs and Figure 4 highlights the top 15 covariates. Both
Uty and Kdm6a are positively correlated with Thoc2 (RNA pro-
cessing THO complex 2), Xrn1 (5 -3  exoribonuclease 1), and
Rbm26 (RNA binding motif protein 26). This shows that in
males,Uty replaces Kdm6a in a module that is generally well pre-
servedbetweenthesexes.Additionally,Uty isnegativelycorrelated
with histone transcripts Hist1h3g (Figure 5A) and Hist1h1b and
positively correlated with the chromatin modiﬁcation transcript
Kdm5d (Figure 5B). This indicates a function for Uty in histone
processingandchromatinmodiﬁcationthatishomologoustothat
of Kdm6a.
FOCUS ON A MODULE RELATED TO HYPOTHALAMIC FUNCTIONS
F3andF9infemalesandM3andM9inmalesareenrichedintran-
scripts related to hormone activity and neuropeptide signaling
Frontiers in Neuroscience | Neurogenomics May 2012 | Volume 6 | Article 63 | 6Mozhui et al. Sex differences in gene expression in the hypothalamus
FIGURE 2 | Coexpression network concordance between females and
males. (A) Each branch of the dendrogram represents hierarchical
clustering of coexpressed transcripts in the female hypothalamus.
Modules identiﬁed by this method are assigned color IDs shown at the
bottom of the graph. (B) Male coexpression networks were independently
constructed.To evaluate the level of network concordance, a transcript in
the male network was identiﬁed by the color assignment in females.This
shows that transcripts that cluster together in females generally cluster
together in males. (C)There is 60–80% overlap between female and
corresponding male modules. Corresponding modules are designated by
the same label number, e.g., F1, F2 in females (row labels), and M1, M2 in
males (column labels).Transcripts that do not fall into any coexpressed
module are categorized to F0 and M0. (D) Signiﬁcance level of network
preservation is provided by the Fisher’s exact test (−log10 p).
(Figures 3C,D). F3/M3 is relatively large (964/1,027 transcript
members) and has a broad enrichment proﬁle, including the
GO terms: protein localization, RNA processing, and translation.
F9/M9 is relatively small (136/104 transcript members) and is
more speciﬁcally enriched in transcripts related to neuronal func-
tions, gland development, and neuropeptide signaling. Examples
of enriched GO categories in F9 and M9 are provided in Table 3
(full lists of enriched gene functions for the modules are in Sup-
plementary Material S3). We consider F9/M9 as the module most
related to hypothalamic functions and the endocrine system.
There is extensive overlap between the female and male mod-
ules, and 81 out of the 104 transcripts in M9 are also in F9.
There is signiﬁcant correlation between the MEs of F9 and M9
across the BXDs, which indicates similar expression variation in
males and females (Figure5C). We selected the top 30 transcripts
with the highest module membership scores in F9 and M9 for
more extensive in situ analysis. These are transcripts that have the
strongest correlations with the MEs for F9 and M9. Analysis of
in situ labeling in the hypothalamus showed that transcripts in
F9/M9 generally have more intense expression in the posterior
hypothalamic nucleus and in the mammillary areas than other
hypothalamic regions (three examples provided in Figure 6).
F9/M9 therefore represents a functionally cohesive network of
tightly correlated transcripts that is preserved between the sexes
and that has co-localized expression in the hypothalamus.
SEX-SPECIFIC GENETIC REGULATION OF TRANSCRIPTS
We used the top 30 transcripts with high module memberships in
M9 and F9 to evaluate whether transcripts with concordant coex-
pressioninmalesandfemalesalsosharesimilargeneticregulation.
This analysis revealed signiﬁcant sex-speciﬁcity in eQTLs associ-
ated with the transcripts. Genetic loci that have trans-regulatory
associations with multiple transcripts (trans-QTL hotspots) are
detected on Chrs 5,6,10,and 12 in females and Chrs 2,3,11,and
19 in males (Figure7A;genome-wide QTL heat map inFigureA2
in Appendix). There is also a potentially shared eQTL on Chr 8
that may be common to both sexes. We speciﬁcally examine the
eQTL hotspots on Chrs 10 and 11 because cognate genes of tran-
scripts in F9/M9 are located in these eQTLs. In the female-speciﬁc
eQTL on Chr 10 is Nxph4 (neurexophilin 4),and in the male spe-
ciﬁc eQTL on Chr 11 is Adamts2 (ADAM metallopeptidase with
thrombospondin 2). Both Nxph4 and Adamts2 have high module
memberships in F9 and M9.
Nxph4 is cis-regulated and maps close to the parent gene (i.e.,
acis-QTL).Thiscis-effectishoweverspeciﬁctofemales(genome-
wide QTL maps in Figure A3 in Appendix). Nxph4 also has
a missense mutation (Thr60Met) that segregates in the BXDs.
Because of this underlying genetic variation and its member-
ship in the module, we nominate Nxph4 as a candidate for the
eQTL on Chr 10. Similarly, Adamts2 is cis-regulated and maps to
the eQTL on mid-Chr 11. Although the cis-QTL for Adamts2 is
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FIGURE3|F unctional organization of modules in the hypothalamus.
Each module is summarized by the ﬁrst principal component, referred to as
the module eigengene (ME).The dendrograms and heat maps show the
adjacency plots that relate the MEs in females (A) and in males (B).There are
positively correlated (red), and inversely correlated (green) modules. Module
labels and module sizes are shown. Highly connected modules in females (C)
and males (D) were organized by enriched gene functions. Functional
organization of transcripts is very similar between sexes. Enriched gene
functions that characterize the modules are highlighted.There is inverse
association between networks enriched for transcription, translation, and
energy metabolism (F1/M1 and F6 in purple bubble) and networks enriched
for DNA packaging (F2/M2 and F4/M4 green bubble). In both males and
females, modules enriched in hypothalamus related functions (F3/M3, F9/M9
in pink bubble) are positively correlated with M1 and F1.The colored lines
connecting the modules show the Pearson product correlations between
the MEs.
detected in males and females, the cis-effect is stronger in males
(Figure A4 in Appendix). Additionally, Adamts2 is differentially
expressed and shows ∼10% higher expression in the male hypo-
thalamus (Table 1). For these reasons, we nominate Adamts2 as a
male-biased candidate in the Chr 11 eQTL.
To illustrate the potential regulatory network underlying the
sex-speciﬁcity in eQTLs, we use trans-regulated members of
M9/F9, Ret and Crhbp, as examples. Nxph4, Adamts2, Ret, and
Crhbp form a correlated network in both females and males.
In females, the Crhbp and Ret transcripts are modulated by the
QTL near Nxph4 (Figure 7B). Additionally, Ret has a female-
speciﬁc cis-QTL and may also modulate the expression of Crhbp
in females. In contrast, the effect of Adamts2 on this network is
stronger in males, and both Ret and Crhbp have higher associa-
tions with the eQTL near Adamts2 (Figure 7C). In this model the
focal regulatory locus linked to the transcript network is shifted
from Nxph4 in females to Adamts2 in males. This may be due
to interactions with sex-speciﬁc factors that result in the higher
expression of Adamts2 in males. While the correlation network is
intact in both sexes, this shift may result in the sex-speciﬁcity of
eQTLs that modulate the network.
DISCUSSION
In this study we analyzed the molecular basis of sex differences by
comparing transcript abundance and expression networks in the
male and female hypothalamus. The major points are: (1) there
are sex-speciﬁc expression signatures in the hypothalamus that
are consistent with the role of this brain region in the regulation
of reproduction and modulation of the neuroendocrine system;
(2) sexually divergent transcripts tend to have high expression in
sexually dimorphic structures such as the preoptic area and arcu-
ate nucleus; (3) transcriptional networks are,with few exceptions,
highly preserved in both males and females, and transcripts are
organizedintofunctionallymatchedmodulesregardlessofsex;(4)
sexdifferencesaredetectedatthesmall-scalenetworkarchitecture
and there is also sex-speciﬁc genetic regulation of transcript mod-
ules. The data sets we have generated are publicly available from
www.genenetwork.org and the module assignment and connec-
tivity scores and MEs are all provided as Supplementary Material.
HOW THE HYPOTHALAMUS COMPARES TO OTHER BRAIN REGIONS
Sex linked transcripts such as Xist and Uty show consistent
expression differences between males and females that are largely
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FIGURE 4 | Sex-speciﬁcity in Uty and Kdm6a (Utx) sub-networks.
(A)This gene network is a subset of the M2 module in males and shows the
top15 covariates of Uty (lines code the Pearson product correlations between
transcripts). In females, Uty had poor coexpression and is relegated to F0. (B)
In the corresponding female module, the position of Uty is replaced by the
female paralog Kdm6a.The sub-network of F2 shows the top 15 covariates of
Kdm6a.Transcripts correlated with both Uty and Kdm6a are highlighted by
purple ovals.
FIGURE 5 | Genetic correlation between transcripts and modules. In the
male hypothalamus, expression of Uty is negatively correlated with the
histone transcript Hist1h3g (A) and positively correlated with the histone
modiﬁcation transcript Kdm5d (B).This is a male speciﬁc correlation between
transcripts. (C)The F9 module in females and M9 module in males have high
network preservation.The scatter plot shows the correlation between the
eigengenes for F9 and M9.The genetic covariance of transcript in F9 and M9
is independent of sex.
independent of tissue or brain region (Yang et al., 2006; van Nas
et al., 2009; Reinius et al., 2010). These transcripts serve as reli-
able markers of sex-speciﬁc expression and in the hypothalamus,
there is signiﬁcant male bias for the Y Chr transcripts – Ddx3y,
Uty, Kdm5d and Eif2s3y – and female bias for the X Chr tran-
scripts – Xist,Ddx3x,Kdm6a or Utx,Eif2s3x,and 2610029G23Rik.
IncontrasttothegenesthatarelocatedonChrsXandY,theeffect
of sex on autosomal transcripts is highly dependent on tissue and
organ. Even within the brain, there is remarkable level of spatial
speciﬁcity in transcripts that are modulated by sex (Reinius et al.,
2010).
Given the functional proﬁle of the hypothalamus, is gene
expression in this part more sexually divergent than in other parts
of thebrain?Inthisstudy,wecomparedexpressionin39maleand
39 female inbred lines using the Affymetrix Mouse Gene 1.0 ST
arrays. The estrus cycle of the female mice was not factored in the
analysis. However,our design provides high power (beta of 0.9) to
detect ∼10% expression difference between the sexes at a signiﬁ-
cance level of 0.001. Compared to a similarly powered analysis in
the BXDs (Reinius et al., 2010), the hypothalamus does appear to
bemoresexsensitivethanotherbrainareas.Forexample,atastrin-
gent FDR of 0.05, the hypothalamus has 29 sex-biased transcripts
compared to 12 in the hippocampus (assayed on the Affymetrix
M430v2 arrays),and 19 in the neocortex (assayed on the Illumina
Mouse-6v1.1 arrays). This is not a dramatic difference but does
suggests a higher level of sex-speciﬁcity in the hypothalamus.
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Table 3 | Concordant enriched gene functions in the female F9 and male M9 modules.
GO term Genes in female/male modules p-Value1
F9 M9 F9 M9
GO:0030182∼neuron
differentiation
Ret, Irx5, Cck, Rtn4Rl1, Foxa1, Barhl2, Nr4a2,
Ntng1, Nrn1, Ntn1, Lhx1, Nkx2-1, Reln,
Slitrk6
Ret, Irx5, Nrp1, Cck, Rtn4Rl1, Foxa1, Barhl2,
Nr4a2, Nrn1, Klhl1, Epha7, Lhx1, Foxg1,
Nkx2-1, Reln, Slitrk6
3.9E−06 5.4E−09
GO:0048732∼gland
development
Pthlh, Bsx, Fgfr2,Tbx3, Cd44, Slc6A3, Foxa1,
Nkx2-1, Ntn1, Pitx2
Pthlh, Nrp1, Cd44, Slc6A3, Foxa1, Nkx2-1,
Pitx2
9.5E−06 8.7E−04
GO:0005184∼neuropeptide
hormone activity
Cck, Cartpt,Trh, Adcyap1 Cck, Oxt, Adcyap1 1.4E−04 0.003
GO:0005179∼hormone
activity
Vip, Pthlh, Cck, Cartpt,Trh, Adcyap1 Pthlh, Cck, Oxt, Adcyap1 8.6E−04 0.03
GO:0001655∼urogenital
system development
Fgfr2, Ret, Cd44, Lhx1, Foxa1, Pou3F3 Ret, Cd44, Lhx1, Foxa1, Pou3F3, Pcsk5 0.004 0.001
GO:0035270∼endocrine
system development
Onecut1, Slc6A3, Nkx2-1, Pitx2 Onecut1, Slc6A3, Nkx2-1, Pitx2 0.01 0.008
1Enrichment p-value based on modiﬁed Fisher’s exact test.
FIGURE 6 | Spatial coexpression of transcripts in the F9/M9 network.
The F9 and M9 modules represent a network of transcripts that have high
genetic covariance independent of sex, and spatial coexpression in the
hypothalamus.The coronal sections show in situ patterns for three
members of F9 and M9: Adamts2 (A), Crhbp (B), and Nxph4 (C).These
transcripts have high expression in the mammillary areas and the posterior
hypothalamus. Adamts2 and Crhbp have pronounced expression in the
premammillary and posterior hypothalamic nuclei and Nxph4 has relatively
intense expression in the lateral and medial mammillary areas. Several
other members of F9/M9 show similar expression patterns. LM, lateral
mammillary nucleus; MM, medial mammillary nucleus; mtt,
mammillothalamic tract; PH, posterior hypothalamus; pm, principal
mammillary tract; PM, premammillary nucleus; SUM, superior mammillary
nucleus. In situ data from Allen Brain Atlas.
Surprisingly, based on ﬁndings by Reinius et al. (2010), the
striatum is still by far the most sexually dimorphic in gene expres-
sion. At comparable statistical criteria, the striatum, which was
assayed on the Illumina Mouse-6v1.1 arrays,has over 170 sexually
divergent transcripts.An important point to note is the difference
in array platforms that makes this an imperfect comparison. Nev-
ertheless,if the number of differentially expressed genes is used as
the main index, then the striatum is apparently more primed to
the inﬂuence of sex than the hypothalamus. However, there is an
important difference in the functional categories that are modu-
latedbysexinthetwobrainregionsthatemphasizesthedirectrole
of the hypothalamus in reproductive functions. In the striatum,
thetranscriptsthatshowexpressiondifferencearemostlyenriched
ingenesinvolvedinneurondifferentiationandneuronalsignaling
(Reinius et al., 2010). While these genes lack obvious and direct
connections to sex-related functions, their differential expression
in males and females may contribute to gender differences in
behaviorthathavebeenattributedtostriatalfunctions,e.g.,addic-
tion,motivation,anddrugresponse(Becker,1999;BeckerandHu,
2008).Inthehypothalamus,thedifferentiallyexpressedtranscripts
include steroid hormone and neuropeptide receptors (Esr1, Oxtr,
Prlr), and genes involved in gland development and sex hormone
regulation (Socs2, Tac2). These transcripts uniquely cater to the
role of the hypothalamus as the mediator of neural and hormonal
interactions in reproductive processes. Expression differences of
these transcripts likely have more direct impact on reproductive
functions and sex-related physiology and behavior.
NETWORK CONCORDANCE BETWEEN THE SEXES
The brain transcriptome is organized into modules represent-
ing groups of correlated and functionally related genes (Oldham
et al.,2006,2008;Winden et al.,2009). In the hypothalamus,most
male modules overlap signiﬁcantly with corresponding female
modules. In agreement with previous ﬁndings (van Nas et al.,
2009), coexpression networks are highly preserved between the
sexes. We did detect a few networks that could be considered
sex-speciﬁc. On closer inspection, we found that these putative
sex-speciﬁc networks were either subsets within larger networks
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FIGURE 7 | Sex-speciﬁc eQTLs for coexpressed transcripts. (A) 30
transcripts in modules F9 and M9 with the highest connectivity scores were
used for eQTL mapping.To provide a side-by-side comparison of eQTLs in
females (left) and males (right), LRS are displayed as a heat map. Each column
represents a transcript (gene names are shown above). Only chromosomes 6,
8, 10, and 12 are shown (full image for the entire genome is available as
supplemental).The color intensity encodes the linkage strength and the
parental allele effect. Locations of cognate genes are shown by triangles. Four
transcripts (highlighted by purple borders in heat map) were used to illustrate
a potential model of gene expression regulation in females (B) and males (C).
The four transcripts form a consistent coexpression network in both sexes.
However, depending on sex effect, the focal eQTL with trans-effect on Ret
and Crhbp shifts from Nxph4 in females to Adamts2 in males.This depicts
Adamts2, which has higher expression in males, as a point of sex-by-gene
interaction. Solid arrows represent cis-QTLs and dashed arrows represent
trans-QTLs; straight lines show Pearson product correlations.
or were represented in two separate networks in the other sex.
Only one module in males, M12, has low preservation in females
and the network members were mostly assigned to the female F0
module.
While modules are largely intact in both males and females,
there may be sex differences in the ﬁne-scale architecture and in
the identity of central hub genes. We found this to be the case
for the M2/F2 module, which is enriched in transcripts involved
in chromatin remodeling and gene silencing. In males, the Y Chr
gene, Uty, is a highly connected member of M2. In females, Uty
does not group into any deﬁned network and instead, the posi-
tion of Uty is replaced by its paralog on Chr X – Kdm6a. To date,
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the function of Uty has not been clearly established, although its
sequencesimilaritywithKdm6a impliesaroleinhistonedemethy-
lation and gene activation (Hong et al.,2007; Xu et al.,2008). The
observationsthatUty occupiesacentralpositioninM2andisakey
member of a module related to nucleosome assembly and DNA
packaging, and that Uty expression correlates with other histone
modiﬁcation genes, suggest overlapping functions between Uty
and Kdm6a.
DISCRETE EXPRESSION IN HYPOTHALAMIC NUCLEI
For this study we relied on hand dissections of the hypothal-
amus carried out across a relatively large cohort of genetically
deﬁned and diverse strains of mice. An alternative would have
been to dissect the hypothalamus into smaller regions and this
may have yielded more robust sex effects. However, the approach
we adopted is a broad, systems-level proﬁling of the whole hypo-
thalamus rather than a detailed analysis of a restricted area or
a speciﬁc cell type. The coexpression networks were therefore
based on transcript connectivity across different genotypes, cell
types, and hypothalamic regions. These are genetic covariance
networks that are deﬁned by expression correlations across the
BXD strains. While this approach does not provide the speci-
ﬁcity of a single cell analysis,it does provide meaningful overview
of functionally relevant gene networks that operate on a larger
scale. This is particularly informative since no single cell in the
brain works in isolation, but rather, engages in complex cellular
networks.
Despite the low spatial resolution, the coexpression analysis
was able to discern some level of regional speciﬁcity. For example,
several transcripts with high module membership in F9/M9 show
localized expression in the posterior hypothalamic nucleus and
mammillary areas. This means that, to an extent, the genetically
correlated set of transcripts also shares some level of spatial coex-
pressionwithinthehypothalamus.Thissuggeststhatthevariation
capturedbytheF9/M9moduleshouldbereﬂectedbycorrespond-
ing strain differences in structure and function of the posterior
hypothalamic areas–ap r e d i c t i o nthat could be tested efﬁciently
in selected subsets of BXD strains.
EXPRESSION OF SEXUALLY DIVERGENT TRANSCRIPTS
Spatial speciﬁcity is also seen for several of the sex-differentiated
autosomal transcripts. This set of transcripts tends to have
more intense expression in regions such as the medial pre-
optic area, arcuate nucleus, and ventromedial hypothalamus.
These hypothalamic areas have enriched expression in steroid
and peptide hormone receptors and play important roles in the
regulation of the endocrine system and in the expression of
sex-related behavior (Simerly, 1998; Lenz and McCarthy, 2010;
Majdic and Tobet, 2011). Consistent with this, two of the auto-
somal transcripts with the most signiﬁcant expression differ-
ence between males and females – Esr1 and Tac2 – have direct
roles in gonadal hormone regulation. The estrogen receptor-
α,e n c o d e db yEsr1, functions as a nuclear transcription factor
and has been implicated in the regulation of sexually divergent
gene expression that is conserved across species (Reinius et al.,
2008). Tac2 encodes the neuromodulatory peptide neurokinin
B that is a crucial component of the hypothalamo-pituitary-
gonadal axis and implicated in the regulation of reproduction
(Rance et al., 2010; Lasaga and Debeljuk, 2011; Navarro et al.,
2012).
According to the array data, both Esr1 and Tac2 have ∼30%
higher expression in females and the in situ shows that both are
localized to the medial preoptic area and arcuate nucleus. Quan-
titative RT-PCR conﬁrmed a signiﬁcantly higher expression of
Esr1 in the female hypothalamus compared to males. However
the PCR analysis found no difference in the level of Tac2 between
males and females. Tac2 plays a role in regulation of reproduc-
tive hormones (Rance et al., 2010; Lasaga and Debeljuk, 2011;
Navarro et al., 2012), and it is likely that the expression of this
gene varies according to the estrus cycle in females. We did not
account for the estrus cycle in either the array or RT-PCR analysis
and this may have contributed to the results. In the case of the
array data, female samples were collected from over 70 mice at
different phases of the estrus cycle. In contrast, samples for the
RT-PCR were collected from only eight males and eight females.
ThearraydatamayhavecapturedasexdifferenceinTac2 thatwas
related to the estrus cycle but not detectable in the smaller cohort
used for RT-PCR.
MODULATION OF NETWORKS BY SEX-SPECIFIC REGULATORY LOCI
It is intriguing that while the covariance structure is very similar
between males and females,the regulatory loci associated with the
transcripts are very distinct. For the highly correlated members of
M9/F9, we found only one potentially shared trans-QTL hotspot
onChr8andanumberof sex-speciﬁcQTLsdistributedacrossthe
genome. Studies in other tissues have also yielded similar results
that indicate that sex-speciﬁcity is a general feature of transcript
regulation (Yang et al.,2006;Wang et al.,2007; Bhasin et al.,2008;
van Nas et al., 2009). In fact, differences in the regulation of gene
expressionhasbeenproposedasamechanismbywhichvariantsin
the genome exert a sex-speciﬁc effect on a number of phenotypes
and diseases (Ober et al., 2008).
In general,loci with cis-acting regulation are more concordant
between the sexes than loci with trans-acting regulation (Bhasin
et al., 2008). Type 1 error is a possible reason for the low preser-
vation of trans-QTLs (Bhasin et al., 2008; Ober et al., 2008) and
may indeed account for several of the trans-QTLs in the hypo-
thalamus. However,the two sex-speciﬁc eQTLs on Chrs 10 and 11
are supported by other lines of evidence. First, both loci contain
genes that are highly connected members of M9/F9 – Nxph4 in
thefemale-speciﬁcChr10eQTLandAdamts2 inthemale-speciﬁc
Chr 11 eQTL. Second, both of these genes are cis-regulated and
thereforereasonablecandidates.Finally,theexpressionpatternsof
Adamts2 and Nxph4 in the hypothalamus are similar to those of
their putative targets in F9/M9.
Adamts2 encodes a procollagen N-proteinase, and deletion of
this gene results in male infertility, suggesting a role for Adamts2
in reproductive functions (Li et al., 2001). In the array data, we
found ∼10% higher expression in males compared to females.
The RT-PCR also showed ∼7% higher expression of Adamts2 in
males,although the modest difference did not reach statistical sig-
niﬁcance. The eQTL hotspot and the higher expression in males
indicate that Adamts2 is a potential locus of interaction between
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genetic and sex-speciﬁc factors. Its expression difference between
males and females may contribute to the sex-speciﬁcity of eQTLs
associated with F9/M9 transcripts.
In summary, we show that while sex has a signiﬁcant effect
on individual transcripts, global coexpression networks in the
hypothalamus are well matched and highly preserved between
males and females. These tightly correlated sets of transcripts are
modulated by multiple genetic variants that exert their inﬂuence
in a sex-speciﬁc manner and maintain highly stable molecular
networks.
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APPENDIX
FIGUREA1 | Quantitative RT-PCR analysis of selected transcripts in the
hypothalamus. Expression difference is represented as fold-change in
females relative to males (N =4 females, 4 males). mRNA levels of Ddx3y,
Tac2, Esr1, Oxtr, Nmur2, and Adamts2 were normalized to the reference
transcript Actb. Error bars are±SE of the mean. ∗P <0.05, ∗∗p <0.01.
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FIGUREA2 | Sex-speciﬁc eQTLs for coexpressed transcripts.Thirty
transcripts in modules F9 and M9 with high network connectivities were
used for eQTL mapping.To provide a side-by-side comparison of eQTLs in
females (left) and males (right), LRS are displayed as a heat map. Each
column represents a transcript and rows represent chromosome 1 to x.The
color intensity encodes the linkage strength and the parental allele effect.
Locations of cognate genes are shown by triangles.
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FIGUREA3 | Quantitative trait loci maps of F9 members in
females.These are genome-wide QTL maps for F9
members – Adamts2, Nxph4, Crhbp, and Ret.TheNxph4 transcript has
a suggestive cis-QTL on distal chromosome 10 (highlighted zone).
Crhbp has a signiﬁcant trans-QTL on distal chromosome 10. Ret also
has a weak trans-QTL near Nxph4 on distal Chr 10. Adamts2 has a
sub-suggestive cis-QTL on chromosome 11 (highlighted zone) and its
effect is weaker in females. x-axis represents chromosomes 1 to x and
the y-axis shows the LRS scores. Horizontal lines indicate the
genome-wide suggestive and signiﬁcant thresholds.
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FIGUREA4 | Quantitative trait loci maps of M9 members in males.These
are genome-wide QTL maps for M9 members – Adamts2, Nxph4, Crhbp, and
Ret.TheAdamts2 transcript has a suggestive cis-QTL on mid chromosome 11
(highlighted zone). Crhbp and Ret have suggestive trans-QTL on mid
chromosome 11. Nxph4, located on chromosome 10, does not map as a
cis-QTL in males (highlighted zone). x-axis represents chromosomes 1 to x
and the y-axis shows the LRS scores. Horizontal lines indicate the
genome-wide suggestive and signiﬁcant thresholds.
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